productive HIV-1 infection of natural target cells (for review see Subbramanian & Cohen, 1994, and references therein) .
We have previously demonstrated an unexpectedly high genetic variability of the HIV-1 vif gene in patients from Germany (Wieland et al., 1994) . To date, only very few HIV-1 vif sequences from African HIV-1 isolates have been analysed (Myers et al., 1995) . In the present study we determined the complete HIV-1 proviral DNA vif sequences of 37 peripheral blood mononuclear cell (PBMC) samples of HIV-1-infected individuals from Uganda, analysed the deduced Vif amino acid (aa) sequences, and performed phylogenetic analyses.
A total of 37 citrated blood samples was obtained from 18 Ugandan HIV-1-infected AIDS patients treated for pulmonary tuberculosis at the Joint Clinical Research Centre in Kampala, Uganda in 1992 and 1993 (Schwander et al., 1995) . All patients had contracted the HIV-1 infection heterosexually. No patient had received antiretroviral therapy. Patients' CD4 counts and HIV-1 RNA levels were determined at the beginning of the study. The Amplicor HIV Monitor Test (Roche Diagnostic Systems) was used for HIV-1 RNA quantification. The gag primers used in this test (Mulder et al., 1994) match well with HIV-1 subtype D gag sequences, but have several mismatches with subtype A gag sequences (Myers et al., 1995) which might lead to misquantification. For this reason, only HIV-1 RNA levels of patients who were shown to carry subtype D vif sequences are given (see Table 1 ).
The proviral DNA sequences of the patients' complete vif genes (579 bp) were determined by direct solid-phase sequencing of PCR products as described previously (Wieland et al., 1994) . PBMC DNA extracts (0n5 µg) were employed in nested PCR with primers complementary to well-conserved regions 5h and 3h of vif. U1f-g (5h TTCGGGTTTATTACAGGGAC 3h) and U10b (5h TGACACCCAATTCTGAAATG 3h) were used for external PCR, U2f (5h GAAAGGTGAAGGGGCAGTA 3h) and U8b (5h CCCA(A\G)G TATCCCCATAAGT 3h) for internal PCR. Both strands of biotinylated internal PCR products (765 bp) were sequenced with primers U2f, U3f (5h AGGGATTA (a) Phylogenetic analysis of 18 full-length HIV-1 vif genes from Uganda. The unrooted tree was calculated according to the neighbour-joining method (Saitou & Nei, 1987) . Complete vif proviral DNA sequences (579 nt) of 18 Ugandan AIDS patients and of 17 reference sequences were employed in the analysis. Reference sequences used were A86, IBNG, U455 (subtype A), LAI, HAN, SF2, MN, A19, A37-1, A47, A60 (subtype B), NDK, ELI, Z2Z6 (subtype D), ANT70, MVP5180 (group O) and MAL [a sequence with an inter-subtype (A/D) recombination within the vif gene] (Myers et al., 1995 ; Wieland et al., 1994) . In the Ugandan samples, the numbers following the U are the patients ' identification numbers, and the numbers after the dash indicate the study-week in which the sample was collected. Since vif genes of individual patients ' consecutive samples always clustered side-by-side (see text and Fig. 1 b) , only the vif gene of the first sample of each patient was considered. The Ugandan patients belonged to different ethnic groups (Table 1) . Mugandas (U7, U8, U24, U39, U45, U46, U49, U62, U69) are shown by filled squares (), Mukigas (U2, U12) by asterisks (*) and Musogas (U18, U58) by filled TGGAAAACAGA 3h), feo4A (5h TAACAA CATATTGGGGTCT 3h), U5f (5h CAGGACATA ACAAGGTAGG 3h), or U8b, U5b (5h CCTACCTTGTTATGTCCTG 3h), U4b (5h TATGCAG ACCCCAATATGT 3h). Methods used for sequence analysis and alignments have been described previously (Wieland et al., 1994) . Phylogenetic analyses were performed with the Heidelberg Unix Sequence Analysis Resources (German Cancer Research Center, Heidelberg) program CLUSTREE according to the neighbour-joining method (Saitou & Nei, 1987) . Bootstrapping was employed on all datasets (Felsenstein, 1985) . The criterion used to subtype the vif sequences was clustering with 17 published vif reference sequences of different subtypes in the phylogenetic trees (Myers et al., 1995) . A mosaic (inter-subtype recombinant) vif sequence was suspected if the sequence did not cluster with reference sequences and circles ($). The vif genes of patients U24, U2, U62, U49, U58, U69, U13, U39 and U60 were assigned to subtype A, those of patients U18, U12, U8, U7, U25, U46, U45 and U36 to subtype D, and U37 was found to carry a putative A/D mosaic vif gene (see text and Fig. 1 b) . Bootstrap values above 500 are shown. The scale bar indicates percentage divergence along the branches. (b) Phylogenetic analysis of the putative A/D mosaic HIV-1 vif gene U37-4. The unrooted trees were calculated according to the neighbour-joining method of Saitou & Nei (1987) . vif proviral DNA sequence fragments of U37-4 and of reference sequences previously determined as subtypes A, D, B or O (see Fig. 1 a and text) were employed in the analyses. In the left tree, vif fragments comprising vif nt 1-426 are shown and in the right tree vif gene fragments comprising vif nt 427-579 are depicted. The 5h three-quarters of U37-4 vif (nt 1-426, framed) cluster with subtype A sequences (left tree) and the 3h quarter of U37-4 vif (nt 427-579, framed) with corresponding subtype D reference sequence fragments (right tree). The statistical significance of the difference in branching of the two trees was confirmed using the test of Kishino & Hasegawa (1989) . The figure also shows that vif sequences of sequential samples of individual patients (U8-0, -2, -6, -8 , or U39-32, -40, -44, -48) formed a branch near the main trunk. In this case, the sequence was broken into 5h and 3h segments, and phylogenetic trees were constructed with reference vif segments of identical length (Salminen et al., 1995) . Such trees (Fig. 1 b) were additionally analysed with the program DNAML of the phylogeny inference package PHYLIP (version 3.57c) (Felsenstein, 1981) ; trees established by CLUSTREE for different vif segments were compared with their respective counterparts and the statistical significance of the difference in branching order for the 5h and 3h segments was estimated with the test of Kishino & Hasegawa (1989) .
Phylogenetic analyses of the 37 Ugandan vif sequences were performed at the DNA (Fig. 1 a) and at the protein level (not shown, since not significantly different from DNA-trees). Of the 37 Ugandan vif sequences, 36 were grouped in two main clusters adjacent to subtype A and D reference sequences, DJF U. Wieland and others U. Wieland and others (Fig. 1 b) et al. (1995) . Conserved aa are shown in upper-case letters, and lower-case letters represent variable aa. The numbers next to aa symbols at variable positions in lines 2 and 4 indicate in how many of the analysed Ugandan sequences the respective aa occurred. Amino acids absolutely conserved in all patient and reference sequences (118 Vif sequences) are framed (62/192 aa, 32 %). The symbol ' 63 ' (black box) at Vif aa 185 and 186 indicates that these aa were deleted in three of the analysed Vif sequences (U12-0, -4, -6).
U. Wieland and others U. Wieland and others
and thus were assigned to these two subtypes, respectively. One patient's vif gene (U37-4) clustered apart from the other Ugandan sequences near the main trunk of the tree close to vif-MAL (Fig. 1 a) . HIV-1 MAL has a recombinant genome with the 5h half of vif being subtype A-like and the 3h half subtype D-like . DNA and aa alignments of U37-4 with reference sequences revealed that the 5h threequarters of U37-4 vif was subtype A-like, and the 3h quarter (nt 427-579 ; aa 151-192) was subtype D-like. Phylogenetic analyses with U37-4 vif fragments of the respective lengths were performed to analyse whether U37-4 represented an inter-subtype recombinant. Fig. 1 (b) shows that nt 1-426 of U37-4 vif cluster with subtype A vif reference sequences of the corresponding length, while U37 vif nt 427-579 cluster with subtype D sequences. The same distribution was found at the aa level. It was shown for gag and env that inter-subtype recombinants occur in about 10 % of HIV-1 isolates . Based on env-sequence analyses, subtypes A and D are the HIV-1 subtypes prevalent in Uganda (Bachmann et al., 1994 ; Bruce et al., 1994 ; Buonaguro et al., 1995) . In our patients, the two subtypes were about equally distributed (50 % A, 44 % D, 1 A\D mosaic). For Ugandan HIV-1 env sequences, subtype A\D distributions between 20 % A\80 % D and 80 % A\20 % D have been described (Bachmann et al., 1994 ; Buonaguro et al., 1995) . Subtyping is useful for epidemiological investigations (Kunanusont et al., 1995) . The patients analysed here belonged to different Ugandan ethnic groups (Table 1 ) and had been HIV-infected by heterosexual contacts. vif genes of Muganda, Mukiga or Musoga patients comprised both subtypes A and D (Fig. 1 a) . This indicates that the heterosexual spread of HIV-1 in Uganda has crossed the boundaries of ethnic groups. The 37 Ugandan proviral DNA vif sequences and the deduced Vif amino acid sequences were aligned to each other and to vif reference sequences, and consensus sequences were derived (Fig. 2) . In the 37 Ugandan samples the vif proviral DNA sequences were 63 % conserved (368\579 nt), as compared to 80 % in the subtype A and D reference sequences. At the amino acid level 52 % (100\192 aa) of the Vif aa were absolutely conserved in all 37 Ugandan samples, as compared to 69 % in the African reference sequences. Of the 92 variable aa positions, 45 % (41 aa) were considered hypervariable (variability 20 %), and in 67 % (62 aa) of the variable positions aa belonging to different aa groups were found (Fig. 2) . The conservation rates of the Ugandan vif sequences were similar to the low conservation rates previously found for European subtype B vif sequences (Wieland et al., 1994) . When all vif patient and reference sequences of subtypes A, D and B were considered (119 sequences), the absolute conservation rates were 45 % (262\579 nt) at the proviral DNA level, and only 32 % (62\192 aa) at the protein level, with 74 % of the 130 variable positions harbouring aa of different aa groups (Fig. 2) . Thus, only one-third of the Vif consensus protein sequence comprised absolutely conserved and as such possibly functionally important motifs. Among the aa identified as essential for Vif function are Cys""% and Cys"$$ (Ma et al., 1994) . Both were absolutely conserved in all patient and reference Vif sequences, supporting their significance in vivo. Two C-terminal basic domains (Vif aa 157-160, 173-184) that have been described as important for Vif activity were not well conserved in the sequences analysed here, but a proline-rich (aa 160-164) and a hydrophobic (aa 142-154) motif comprised absolutely conserved aa (Fig. 2) (Goncalves et al., 1995) .
Consecutive samples collected 2-36 weeks apart were available from 11 patients (Table 1) . Sequential vif sequences were never absolutely identical, but the intra-individual differences did not exceed 4 % (DNA) or 6 % (aa), even when the samples were collected 8 or 9 months apart, as for U45 and U60 [0n9 % (DNA) and 2n1 % (aa) intra-individual difference, respectively]. The intra-individual vif gene stability was independent of the stage of disease as judged by viral load and\or CD4 counts. Patients with CD4 counts below 100\µl and high viral loads (e.g. U7 and U18) had intra-individual vif gene differences (1n6 % and 1n4 %) that were as low as those in patients with CD4 counts above 500\µl [e.g. U25 (0n3 %), U39 (1n0 %) and U60 (0n9 %)]. In phylogenetic analyses, vif sequences of consecutive samples always clustered side-by-side, as shown in Fig. 1 (b) for U39 and U8. The low intra-individual vif sequence variability was in contrast to a higher interindividual variability [e.g. U13\U45 : 16 % (DNA)\28 % (aa)]. High intra-individual stability of vif has also been found for European and North American patients (Wieland et al., 1994 ; Sova et al.,1995) . This may point to a certain selective pressure, especially since for Ugandan env sequences considerable intraindividual diversity has been described (Bruce et al., 1994) . Possibly, certain vif gene products can only interact with certain Vif target sequences, yet to be determined.
Of the 61 European (Wieland et al., 1994) and 37 Ugandan vif sequences analysed by us, only vif derived from three samples of patient U12 carried a deletion. The in-frame deletion of six nucleotides (vif nt 553-558) resulted in the loss of Vif aa 185 and 186. S")' was absolutely conserved in all other Ugandan Vif sequences and in most reference sequences. Two residues near the deletion, N")! and Q")(, occurred only in U12 and belonged to different aa groups than the residues usually found at these positions (T")!, H")() (Fig. 2) . It might be speculated that these aa exchanges were necessary in U12 to obtain proper Vif function\folding. We did not investigate whether the vif gene product of U12 was functional, but we have previously shown that a naturally occurring truncated vif gene product that lacked the 19 C-terminal Vif aa led to the formation of fully infectious virions (Ochsenbauer et al., 1996) . On the other hand, patient U12 had not acquired further opportunistic infections 3 years after sample collection, when he had presented with pulmonary tuberculosis and a low CD4 count (Table 1) . vif-and other HIV-1 accessory gene deletions have been described in a clinically stable HIV-infected patient (Michael et al., 1995) .
DJI
By direct solid-phase sequencing of PCR products, a consensus sequence of a patient's quasispecies is obtained whereby the predominant sequence(s) are analysed. Occasionally, two bands were seen at the same position of a sequencing film, and the stronger band was considered the patient's ' primary ' vif sequence. When the weaker bands were analysed, stop codons were found in the ' secondary ' vif sequences of three Ugandan samples [U12-4, vif nt 113 (TGG TAG) U7-2, U7-8, vif nt 210 (TGG TGA)], leading to premature termination of the deduced Vif proteins after aa 37 or 69.
Thus, while a C-terminal deletion occurred in one patient's predominant vif gene, N-terminal truncations were only detected in ' secondary ' vif sequences. Previous studies on vif genes of European and North American HIV-1-infected patients also showed the occurrence of complete vif open reading frames in the majority of patients (Wieland et al., 1994 ; Olivares et al., 1995 ; Sova et al., 1995) , supporting the importance of Vif for HIV-1 infection in vivo.
By comparison of Vif aa sequences of subtypes A, D and B, subtype-specific aa substitutions could be identified (Fig. 2) . For example, L*", I*), N""$, A"(!, P")$, C"*# were found in subtype A only, D%&, T"$!, N"$% in subtype D, and G$$, K%", T%(, N"!", N"##, R"#), T\A"'( in subtype B. To differentiate between subtypes A and D, Vif aa 47 (R in subtype A, L or P in subtype D ) and aa 101 (D in subtype A, G in subtype D) were most suitable. For subtype determination, analysis of short vif fragments comprising the above mentioned aa might be sufficient.
Little sequence information is available on vif sequences of subtypes other than A, B and D, but one might infer from the few known group O vif sequences (Myers et al., 1995) , that the worldwide genetic variability of HIV-1 vif could be substantially greater than described here. Knowledge of the global genetic diversity of HIV-1 accessory genes is important, since vif and other retroviral accessory genes have been suggested as targets for novel strategies against HIV.
